INTRODUCTION
============

Bladder cancer (BC) is a heterogeneous disease; therefore, pathologically similar tumors may behave differently. In approximately 70% of all cases, patients present with nonmuscle invasive bladder cancer (NMIBC), whereas the remaining 30% present with muscle invasive bladder cancer (MIBC). The standard treatment for NMIBC is transurethral resection (TUR) complemented by intravesical immunotherapy or chemotherapy to prevent recurrence and progression \[[@B1][@B2]\]. Numerous factors are likely involved in disease outcome, and many patients with NMIBC experience disease recurrence and progression after primary treatment \[[@B1][@B2]\]. Furthermore, the potential of tumors to recur and progress to MIBC is highly unpredictable. Thus, more sensitive and noninvasive tumor markers that can detect and predict tumor recurrence, progression, and metastasis are required. Research efforts worldwide have focused on identifying clinically useful tumor markers or potentially valuable therapeutic targets to improve current diagnostic and management strategies for patients with BC \[[@B3]\]. Recent advances in our understanding of epigenetic modifications, including DNA methylation, histone modifications, and microRNAs, have provided new opportunities for detecting, treating, and preventing cancer. The utility of DNA methylation as a biomarker has attracted increasing attention in recent years because aberrant DNA methylation is a major characteristic of BC and plays a crucial role in tumor initiation and progression \[[@B4][@B5][@B6]\]. Here, we review the current knowledge base and epigenetic issues involved in the detection and prediction of BC.

EPIGENETIC STUDIES IN BLADDER CANCER
====================================

While genetics refers to the study of information inherited on the basis of gene sequences, epigenetics is the study of reversible changes in gene function that can be inherited, or of other cell phenotypes that occur without any change in DNA sequence. DNA methylation occurs throughout the genome and involves the addition of a methyl group to the cytosine ring of the CpG dinucleotide \[[@B7]\]. The methylation pattern is established during development and is normally maintained throughout the life of an individual. Thus, DNA methylation is a key regulator of gene transcription and genomic stability, and inappropriately altered DNA methylation patterns are frequently detected as epigenetic changes in human cancers. Mechanisms that generally regulate normal DNA methylation patterns are impaired during tumorigenesis; therefore, many cancers show global hypomethylation, which is accompanied by regional hypermethylation in some promoter sequences. Aberrant methylation of tumor suppressor genes is the most well-categorized epigenetic change in human neoplasias \[[@B8]\]. Aberrant promoter methylation has been described for several genes in various malignant diseases, and each tumor type may have its own distinct pattern of methylation.

Because some epigenetic events occur early in the disease process, molecular diagnosis may facilitate detection before symptomatic or overt radiographic manifestations appear. Much progress has been made in the field of BC epigenetics research; examples are the biological characterization of methylation alterations and a move towards translational applications, including the development of potential new biomarkers for BC \[[@B4][@B5][@B6]\]. Because promoter hypermethylation is common in BC, potential DNA methylation markers for BC have been identified in serum, bladder washes, urine samples, and cancer tissues. Furthermore, methylation of these genes may facilitate cancer detection and/or correlate with a poor prognosis \[[@B4][@B5][@B6]\]. Thus, aberrant DNA methylation events may serve as biological markers for early detection, effective treatment, and accurate prognosis of BC.

Previous studies of DNA methylation-based biomarkers in BC focused on genes that are often methylated in other cancers. In 2001, the promoter methylation profiles of ten different cancer-related genes from 98 bladder tumors were examined to evaluate their relationship with clinicopathological features and the aggressiveness of the disease. Among these genes, four (*RASSF1A*, *APC*, *CDH1*, and *CDH13*) showed high rates of methylation (35%, 35%, 36%, and 29%, respectively) and these showed a significant correlation with various parameters associated with poor prognosis, such as tumor grade, growth pattern, muscle invasion, tumor stage, and ploidy status. A technique called methylation score (M score) analysis, which is based on a combination of methylation markers, was developed to increase the sensitivity/specificity of BC detection \[[@B9]\]. The methylation status of six Wnt-antagonist genes (*sFRP-1*, *sFRP-2*, *sFRP-4*, *sFRP-5*, *Wif-1*, and *Dkk-3*) was examined in BC tissues and corresponding normal bladder mucosa. The M score had a sensitivity of 77.2% and a specificity of 66.7% for BC detection, and yielded better results than analyses based on single genes. In addition, the M score was able to distinguish between superficial and invasive bladder tumors, with a sensitivity of 72.2% and a specificity of 61.1%, respectively, making it a useful staging biomarker.

The evolution of classic single-gene DNA methylation detection assays into genome-wide microarray based technologies, coupled with the development of cutting-edge bioinformatics approaches, has provided an unprecedented opportunity to investigate the role of aberrant DNA methylation in the genesis and progression of BC. Several high-throughput screening methods have been developed to simultaneously analyze the methylation status of hundreds of preselected genes using universal bead arrays. These methods have led to the discovery of methylation signatures that distinguish normal tissue from cancer tissue. Wolff et al. \[[@B10]\] used the GoldenGate methylation assay (Illumina, San Diego, CA, USA), which comprises 1,370 CpG sites, to study methylation patterns in 49 samples from patients with NMIBC, 38 from those with MIBC (with matched normal-appearing urothelium), and 12 samples of urothelia from age-matched cancer-free controls with no history of urothelial cancer. They found distinct patterns of hypomethylation in NMIBC and widespread hypermethylation in MIBC, confirming that the two pathways differ epigenetically as well as genetically. Relative to control samples from urothelial cancer-free patients, invasive tumors had 526 hypermethylated loci (38%) and noninvasive tumors had 132 hypermethylated loci (10%), of which 117 (89%) overlapped with those found in the invasive tumors. Normal-appearing urothelia samples taken from sites located at least 5 cm away from the invasive tumor had 169 hypermethylated loci (12%), of which 142 (89%) were the same as those found in the invasive tumor. The authors concluded that these patterns were indicative of an epigenetic \'field defect\', i.e., methylation was already present in normal-looking cells before the onset of tumorigenesis. This finding suggests that methylation precedes tumorigenesis, which may have implications for the surveillance of patients by urine testing because methylation will presumably persist in the normal urothelium after tumor resection.

DETECTING METHYLATION MARKERS IN URINE SAMPLES
==============================================

Currently, cancer recurrence or progression in BC patients is monitored by periodic cystoscopy and urine cytology, the frequency of which varies according to the risk factors associated with the disease. Although cystoscopic examination is the gold standard for BC diagnosis, it is costly, involves substantial patient discomfort, and has variable sensitivity. Moreover, the sensitivity of cytological analysis is low, particularly for low-grade transitional cell carcinomas, and its accuracy depends on the pathologist\'s experience. Frequent recurrence of BC after TUR and its subsequent progression are problems for both patients and urologists. The challenge for the clinician is to develop reasonable surveillance protocols that facilitate cost-effective and noninvasive monitoring. To date, molecular biology and genetic studies have identified several potential markers in serum, bladder washes, urinary specimens, and cancer tissues. However, the limitations of currently available markers have increased interest in identifying other molecular parameters that provide a more accurate prognosis for BC patients. Of particular interest is the epigenetic silencing of tumor suppressor genes.

Cancer detection via abnormal DNA methylation is quite powerful due to the inherent stability of DNA compared with that of RNA or proteins. Because promoter hypermethylation is a frequent occurrence in BC, detecting cancer-specific hypermethylation events in various biological fluids (urine/blood) and tissues would be feasible as these biological materials are easily accessible. Chan et al. \[[@B11]\] were the first to demonstrate the feasibility of diagnosing BC by detecting methylated DNA in voided urine. They examined the methylation status of 7 genes (*RARβ*, *DAPK*, *E-cadherin*, *p16*, *p15*, *GSTP1*, and *MGMT*) in 22 voided urine samples from BC patients and 17 from age- and sex-matched controls. A panel comprising some of these markers (*DAPK*, *RARβ*, *E-cadherin*, and *p16*) achieved a sensitivity of 91% and a specificity of 76% for detecting BC; by comparison, cytology achieved a sensitivity and specificity of 46% and 100%, respectively. Examination of matched tumor and urine samples identified no false positive urine samples when the tumor was negative for methylation, indicating that these markers were specific. The feasibility of detecting DNA methylation or hypermethylation in voided urine, and its potential role as a tumor marker for BC, have since been examined in several studies ([Table 1](#T1){ref-type="table"}) \[[@B9][@B11][@B12][@B13][@B14][@B15][@B16][@B17][@B18][@B19][@B20][@B21][@B22][@B23][@B24][@B25][@B26][@B27][@B28][@B29][@B30][@B31][@B32][@B33][@B34][@B35][@B36][@B37][@B38][@B39][@B40][@B41][@B42][@B43]\].

Friedrich et al. \[[@B14]\] examined DNA methylation of apoptosis-associated genes in urine sediments. *DAPK* methylation was detected in 22% of samples (8 of 37), *TERT* methylation in 51% (18 of 37), and BCL2 methylation in 65% (24 of 37). Combined methylation analyses (i.e., *DAPK*, *BCL2*, and *TERT*) yielded both high sensitivity (78%) and specificity (100%) for detecting BC. Similarly, Hoque et al. \[[@B13]\] examined the potential of detecting DNA hypermethylation in voided urine and its promising role as a tumor marker for BC. They used a quantitative real-time PCR assay to examine promoter hypermethylation in DNA present in urine sediments obtained from 175 BC patients and 94 age-matched control subjects. Nine genes were examined: *APC*, *p14^ARF^*, *CDH1*, *GSTP1*, *MGMT*, *p14ARF*, *RARb2*, *RASSF1A*, and *TIMP3*. Combined methylation analysis based on four genes (*p14ARF*, *p14^ARF^*, *MGMT*, and *GSTP1*) yielded 69% sensitivity and 100% specificity. More recently, Renard et al. \[[@B23]\] reported that methylated *TWIST1* and *NID2* genes were promising urine markers for BC based on a well-designed study approach to selecting and validating candidate genes. BC cell lines and BC-related patient samples were used to select the best candidate markers, which were then validated in methylation-specific polymerase chain reaction assays using 496 urine samples collected from three urology clinical sites. They identified two genes, *TWIST1* and *NID2*, that were frequently methylated in urine samples collected from BC patients, including those with early-stage and low-grade disease. The sensitivity of this 2-gene panel (90%) was significantly better than that of cytology (48%), with comparable specificity (93% and 96%, respectively). The positive predictive value (PPV) and negative predictive value of the 2-gene panel was 86% and 95%, respectively. The clinical feasibility of *TWIST1* and *NID2* as urinary biomarkers for detecting BC were recently evaluated; unfortunately, the different studies yielded different values for the sensitivity and specificity of *TWIST1* and *NID2* for detecting BC \[[@B39][@B40][@B42]\]. Yegin et al. \[[@B39]\] examined the methylation patterns of *TWIST1* and *NID2* genes in urine samples from 24 BC patients and 15 controls. Methylation of *TWIST1* and *NID2* was detected in 87.5% and 95.8%, respectively, of samples. The sensitivity of *TWIST1* and *NID2* gene methylation (87.5% and 95.8%, respectively) for cancer detection was similar to that reported by Renard et al. \[[@B23]\], and higher than that of urine cytology (62.5%). Abern et al. \[[@B40]\] examined urine samples from 111 BC patients in an attempt to externally validate a urine-based methylation assay that combined *TWIST1* and *NID2*. When samples were examined in accordance with the assay described by Renard et al. \[[@B23]\], the sensitivity and specificity were 79% and 63%, respectively; however, when optimized for the 111 samples examined, the sensitivity and specificity were 75% and 71%, respectively. Fantony et al. \[[@B42]\] re-examined the diagnostic utility of the *TWIST1*/*NID2* gene methylation assay by using it to externally validate 209 urine samples obtained from BC patients. They found the results to be poor. Reinert et al. \[[@B29]\] evaluated the clinical utility of methylation markers (selected from genome-voided microarrays) in urine samples from 119 BCs and 59 controls. They found that a 4-marker panel (*ZNF154*, *HOXA9*, *POU4F2*, and *EOMES*) achieved a sensitivity of 84% and a specificity of 96% for detecting BC. A validation study based on DNA obtained from 184 BC patients and 35 controls showed that a panel of 6 methylation markers (*EOMES*, *HOXA9*, *POU4F2*, *TWIST1*, *VIM*, and *ZNF154*) had a sensitivity of 82%--89% and a specificity of 94%--100% for detecting BC \[[@B34]\]. In addition, these methylation markers predicted recurrence within a 12 month follow-up period with a sensitivity of 88--94% and a specificity of 43%--67%. Recently, Su et al. \[[@B41]\] reported changes in the levels of urinary methylation markers in 368 urine samples serially collected from 90 NMIBC patients. They showed that a panel of 3 markers (*SOX1*, *IRAK3*, and *L1-MET*) discriminated between patients with and without recurrence (with a sensitivity and specificity of 86%/89% and 80%/97% in the test and validation sets, respectively). This panel provided better resolution than either cytology or cystoscopy for the detection of early recurrence.

In summary, modern techniques for examining DNA methylation permit the sensitive and quantitative detection of methylated genes, with impressive results. However, methylation markers for BC diagnosis are still not as well-established as U.S. Food and Drug Administrationapproved markers. Most reported markers have been tested on cohorts that varied greatly between studies. In addition, many markers lack validation in independent cohorts with predetermined cutoff values. Independent validation experiments often achieve lower sensitivity and/or specificity values because the cutoff values are only fitted to data obtained in the initial experiment. Nevertheless, it is evident that methylation markers are more sensitive than cytology, and that some markers show specificity comparable with that of cytology. Only a highly selective panel of methylation markers will increase the sensitivity and specificity of urine analysis in the clinic. In addition, future studies should use standardized assays and cutoff values to compare DNA methylation markers with established markers in a large-scale well-designed prospective cohort.

PROGNOSTIC VALUE OF METHYLATION MARKERS IN TISSUES
==================================================

Several studies show a positive association between the hypermethylation status of genes and a poor prognosis for BC patients; indeed, some of these genes were identified as independent predictive factors of BC prognosis \[[@B15][@B25][@B44][@B45][@B46][@B47][@B48][@B49][@B50][@B51][@B52][@B53][@B54][@B55][@B56][@B57][@B58][@B59][@B60][@B61][@B62][@B63][@B64][@B65][@B66][@B67][@B68][@B69][@B70][@B71]\] ([Table 2](#T2){ref-type="table"}). Maruyama et al. \[[@B50]\] were the first to report methylation-based prognostic markers in BC. They determined the methylation status of ten genes in 98 BC specimens and calculated the methylation index (MI). Of these ten genes, the methylation status of two (*CDH1* and *FHIT*), and the MI, were significantly correlated with poor survival. However, *CDH1* methylation was only an independent risk factor for poor survival. Tada et al. \[[@B48]\] demonstrated that an increased rate of *DAPK* methylation in BC specimens was significantly associated with a reduced time to recurrence. After adjusting for stage and grade, *DAPK* methylation was the most important prognostic factor for recurrence. Likewise, a study examining the methylation status of laminin-5-encoding genes showed that *LAMC2* methylation was strongly associated with poor survival \[[@B15]\]. Catto et al. \[[@B51]\] analyzed hypermethylation at 11 CpG islands in a large cohort of urothelial carcinomas. Compared with unmethylated tumors, methylation at these sites was significantly associated with advanced grade and stage. Hypermethylation of *RASSF1A* and *DAPK* were independent prognostic markers for progression of NMIBC. Friedrich et al. \[[@B46]\] examined the methylation status of 20 cancer-associated genes in 105 consecutive primary NMIBC patients. Among these genes, the methylation status of six (*SOCS-1*, *STAT-1*, *BCL-2*, *DAPK*, *TIMP-3*, and *CDH1*) was associated with tumor recurrence \[[@B46]\]. However, only *TIMP-3* was significantly associated with prolonged recurrence-free survival. Christoph et al. \[[@B44]\] reported that *APAF-1* and *IGFBP-3* methylation was an independent prognostic marker for recurrence in NMIBC. A genome-wide study by Kandimalla et al. \[[@B60]\] revealed that the methylation status of *TBX2*, *TBX3*, *GATA2*, and *ZIC4* was associated with cancer progression in both test and validation sets of pTa tumors. However, multivariate analysis identified only *TBX3* and *GATA2* methylation as an independent predictor of progression when compared with other clinicopathological variables. A study of 181 BC patients identified the methylation of *HOXA9*, *ISL1*, and *ALDH1A3* as an independent predictor of disease recurrence and progression \[[@B63]\]. Sacristan et al. \[[@B68]\] classified paraffin-embedded samples from 251 primary NMIBC patients into subgroups (pTa low-grade \[LG\], n=79; pT1LG, n=81; and pT1 high-grade \[HG\], n=91) according to the methylation status of 25 tumor suppressor genes, and examined whether this could be used to predict the outcome. They found that methylation of *RARB*, *CD44*, *PAX5A*, *GSTP1*, *IGSF4* (*CADM1*), *PYCARD*, *CDH13*, *TP53*, and *GATA5* distinguished pTa from pT1 tumors, whereas *RARB*, *CD44*, *GSTP1*, *IGSF4*, *CHFR*, *PYCARD*, *TP53*, *STK11*, and *GATA5* distinguished LG from HG tumors. Multivariate analyses indicated that methylation of *PAX5A*, *WT1*, and *BRCA1* was an independent predictor of recurrence in pTaLG, that methylation of *PAX6*, *ATM*, *CHFR*, and *RB1* was an independent predictor of recurrence in pT1LG disease, and that methylation of *PYCARD* was an independent predictor of recurrence in pT1HG disease. Methylation of *PAX5A* and *RB1* was an independent predictor of recurrence overall.

A significant association between hypermethylation of genes and poor survival has been reported for BC \[[@B49][@B54][@B55][@B59][@B61][@B65][@B69]\]. Yates et al. \[[@B54]\] examined 17 gene promoters in 96 malignant urothelial samples. Multivariate analysis revealed that the overall degree of methylation was more significantly associated with subsequent progression and death than tumor stage. Furthermore, epigenetic predictive models developed using artificial intelligence techniques identified the presence and timing of tumor progression with 97% specificity and 75% sensitivity. A study of 101 BC samples (56 NMIBC and 45 MIBC) showed that methylation of *SOX9* was significantly associated with poor overall survival \[[@B55]\]. Kim et al. \[[@B49]\] examined the association between *RUNX3* inactivation and BC over a 50-month median follow-up period. Multivariate Cox regression analyses revealed that *RUNX3* hypermethylation was the only strong predictor of BC progression, and that the methylation status of *RUNX3* was significantly associated with cancer-specific survival. Cebrian et al. \[[@B59]\] examined the methylation status of *KISS1* in 804 paraffin-embedded BC specimens. *KISS1* methylation was associated with increasing stage, tumor grade, and poor disease-specific survival. A study of 133 BC patients found that methylation of *CDH 13* was signif icantly associated with tumor recurrence and a poor prognosis. In addition, multivariate analysis indicated that *CDH 13* was independently associated with poor outcome and the relative risk of death \[[@B61]\]. Garcia-Baquero et al. \[[@B65]\] examined the methylation status of 18 genes in paraffin-embedded primary bladder tumors (n=61) and identified prognostic indicators of recurrence (*SFRP5* and *H2AFX*), progression (*CACNA1G*), and disease-specific survival (*SFRP5*). A recent study of *PCDH17* promoter methylation in BC revealed an association between a significant reduction in survival and an independent predictor of overall survival \[[@B69]\].

Although data are sparse, several studies identified a significant association between methylation status and predicted responses to bacillus Calmette-Guérin (BCG) in high-risk BC patients \[[@B57][@B58][@B64]\]. Alvarez-Mugica et al. \[[@B57]\] examined *myopodin* methylation in 170 T1G3 BC specimens, including a subset of 108 patients who underwent BCG treatment. Univariate and multivariate analyses revealed that *myopodin* methylation was associated with an increased rate of recurrence and progression, and with shorter disease-specific overall survival. In the subset of patients treated with BCG, *myopodin* methylation was also associated with increased recurrence and progression, and with shorter disease-specific survival, with PPVs of 38.3%, 25.9%, and 14.8%, respectively. Agundez et al. \[[@B58]\] examined the methylation status of 25 tumor suppressor genes and its utility for predicting BCG responses in 91 patients with T1G3 high-risk BCs. Multivariate analysis identified a combination of *MSH6* and *THBS1* as the best predictor of progression. Similarly, another study examined the utility of *PMF-1* methylation for predicting the clinical outcome of 108 T1HG NMIBC patients receiving treatment with BCG \[[@B64]\]. Multivariate analysis identified *PMF-1* methylation as being associated with recurrence and progression. The methylation status of these genes may serve to distinguish high-risk patients that respond to BCG from those who may require more aggressive therapeutic approaches.

In summary, DNA methylation is significantly associated with advanced stage, high rates of tumor progression, poor responses to BCG therapy, and increased mortality. Thus, methylation status may be useful as a prognostic marker for BC. However, numerous factors are involved in progression and survival, and future studies should perform multivariate analyses on large numbers of patients; also, long-term follow-up is needed to confirm that the methylation status is independent of other variables. Moreover, understanding the epigenetic changes that occur during the early steps of cancer progression may improve molecular strategies aimed at cancer prevention and/or early intervention.

METHYLATION MARKERS IN THE BLOOD
================================

Epigenetic alterations can also be identified in body fluids such as blood. Live, apoptotic, and necrotic tumor cells shed into circulation may be a source of measurable epigenetic biomarkers \[[@B72]\]. Relatively few studies have reported the identification of blood-based BC methylation markers \[[@B45][@B56][@B73][@B74][@B75][@B76][@B77][@B78]\] ([Table 3](#T3){ref-type="table"}). Dominguez et al. \[[@B45]\] were the first to describe the presence of methylated DNA in plasma samples from 27 BC patients. Of these, *p14ARF* and *p16INK4a* promoter methylation was detected in 87% and 40%, respectively, of samples. Hypermethylation of *p14ARF* in plasma was significantly associated with multicentric foci, larger tumors, and relapse. Valenzuela et al. \[[@B73]\] examined the methylation status of *p16INK4a* in serum samples from 86 BC patients and 49 controls, and showed sensitivity, specificity, and PPV for the detection of BC of 0.226, 0.95, and 0.98, respectively. Another study showed that the frequency of *p16INK4a* and *DAPK* methylation in serum was 45% and 64.3%, respectively \[[@B74]\]. Ellinger et al. \[[@B56]\] studied the methylation status of *APC*, *DAPK*, *GSTP1*, *PTGS2*, *TIG1*, and *Reprimo* in the serum of 45 BC patients and 45 controls. Hypermethylation at *APC*, *GSTP1*, or *TIG1* distinguished BC from controls with 80% sensitivity and 93% specificity. Hypermethylation correlated significantly with prognostically unfavorable clinicopathological parameters, and *APC* hypermethylation was significantly associated with cancer-specific mortality. Recently, Hauser et al. \[[@B75]\] analyzed the DNA hypermethylation patterns of *APC*, *GSTP1*, *p14*, *p16*, *RARB*, *RASSF1A*, and *TIMP3* in a prospective, multicenter cohort (n=227). They found that both the methylation level at each gene site and the number of methylated genes was higher in BC patients than in healthy individuals; however, levels between BC patients and patients with nonmalignant disease were similar. The sensitivity and specificity of methylated genes for discriminating BC patients from healthy individuals were 62% and 89%, respectively. DNA hypermethylation did not correlate with advanced stage or grade in BC patients. The authors concluded that DNA methylation status has limited value as a biomarker in patients with noninvasive BC.

Several serum methylation markers (*CDH13*, *PCDH10*, and *PCDH17*) are prognostic indicators for BC \[[@B76][@B77][@B78]\]. Although the frequency of *CDH13* (30%, n=127 \[[@B76]\]), *PCDH10* (50%, n=117 \[[@B77]\]) and *PCDH17* (52%, n=151 \[[@B78]\]) is low, none have been detected in control samples. Moreover, the methylation pattern of *CDH13*, *PCDH10*, and *PCDH17* is significantly associated with aggressive tumor characteristics (tumor size, stage, and grade), and *PCDH10* and *PCDH17* are independent predictors of cancer-specific survival \[[@B76][@B77][@B78]\].

In summary, hypermethylated genes can be detected in the blood, but the rate of methylation is relatively low and widely variable. Few data are available regarding the prognostic value of blood-based hypermethylation markers in BC. Thus, the clinical relevance of blood-based hypermethylation markers may remain limited; however, future studies should shed light on its clinical value.

CONCLUSIONS
===========

It is clear that much has been discovered about the molecular events that underlie promoter methylation and its role in BC detection, recurrence, progression, and survival. However, the majority of studies have simply identified potential markers; what is now needed is for these markers to be translated to the clinic. Rigorous multicenter prospective validation studies involving large cohorts in a large clinical setting should be performed along with robust statistical analyses. Cross talk between different molecular pathways and tumor heterogeneity mean that a single methylation marker would be of limited value for predicting disease status and outcome. These weaknesses might be overcome by genome-wide association studies. Nevertheless, our understanding of the epigenetic events that lead to urothelial tumorigenesis and prognosis is improving, and should allow clinicians to identify key epigenetic changes that can be targeted for detecting and predicting disease. Methylation markers in BC will be valuable tools for stratifying heterogeneous BC patient populations into risk groups, which can then be used to guide clinical decision-making (e.g., observation versus adjuvant therapy). Aberrant patterns of epigenetic modification could be crucial parameters for BC diagnosis, prognosis, and therapy.
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###### Useful combinations of urinary methylation markers for bladder cancer diagnosis
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  Study                                     Methylation markers                                                         Sensitivity (%)   Specificity (%)
  ----------------------------------------- --------------------------------------------------------------------------- ----------------- -----------------
  Chan et al. (2003) \[[@B16]\]             *RASSF1A*                                                                   50                100
  Chan et al. (2002) \[[@B11]\]             *DAPK, RARβ, CDH1, p16^INF4a^*                                              91                76
  Dulaimi et al. (2004) \[[@B12]\]          *APC, RASSF1A, p14^ARF^*                                                    87                100
  Friedrich et al. (2004) \[[@B14]\]        *DAPK, BCL2, TERT*                                                          78                100
  Sathyanarayana et al. (2004) \[[@B15]\]   *LAMA3, LAMB3, LAMC2*                                                       49                100
  Hoque et al. (2006) \[[@B13]\]            *CDKN2A, GSTP1, MGMT, p14^ARF^*                                             69                100
  Urakami et al. (2006) \[[@B9]\]           *SFRP1, SFRP2, SFRP4, SFRP5, WIF1, DKK3*                                    61                94
  Yates et al. (2006) \[[@B17]\]            *RASSF1A, CDH1, APC*                                                        69                60
  Yu et al. (2007) \[[@B18]\]               *SALL3, CFTR, ABCC6, HPP1, RASSF1A, MT1A, ALX4,CDH13, RPRM, MINT1, BRAC1*   92                87
  Aleman et al. (2008) \[[@B19]\]           *PMF1*                                                                      64.7              95.2
  Cebrian et al. (2008) \[[@B20]\]          *Myopodin*                                                                  65                80
  Costa et al. (2010) \[[@B21]\]            *GDF15, TMEFF2, VIM*                                                        94                100
  Lin et al. (2010) \[[@B22]\]              *CDH1, P16, P14, RASSF1A*                                                   83                100
  Renard et al. (2010) \[[@B23]\]           *NID2, TWIST1*                                                              90                93
  Cabello et al. (2011) \[[@B24]\]          *BRCA1,WT1,RARβ*                                                            88--100           34--65
  Chen et al. (2011) \[[@B25]\]             *IRF8, P14, SFRP1*                                                          87                95
  Chung et al. (2011) \[[@B26]\]            *MYO3A, CA10, NKX6.2, DBC1*                                                 81                97
  Costa et al. (2011) \[[@B27]\]            *PCDH17 and TCF21*                                                          60                100
  Dudziec et al. (2011) \[[@B28]\]          *MIR152, MIR328, MIR1224-3p*                                                81                75
  Reinert et al. (2011) \[[@B29]\]          *ZNF154, POU4F2, HOXA9, EOMES*                                              84                96
  Serizawa et al. (2011) \[[@B30]\]         *FGFR3, APC, RASSF1A, SFRP2*                                                62                100
  Vinci et al. (2011) \[[@B31]\]            *BCL2, TERT, DAPK*                                                          79                90
  Berrada et al. (2012) \[[@B32]\]          *APC, RARβ, Survivin*                                                       94                NA
  Eissa et al. (2012) \[[@B33]\]            *RARβ2*                                                                     65                89.7
  Reinert et al. (2011) \[[@B29]\]          *EOMES, HOXA9, POU4F2, TWIST1, VIM, ZNF154*                                 82--89            94--100
  Scher et al. (2012) \[[@B35]\]            *BCL2, CDKN2A, NID2*                                                        81                86.4
  Zhao et al. (2012) \[[@B36]\]             *VAX1, KCNV1, TAL1, PPOX1, CFTR*                                            89                88
  Zuiverloon et al. (2012) \[[@B37]\]       *APC, TERT, EDNRB*                                                          72                55
  Chihara et al. (2013) \[[@B38]\]          *Multiple marker (12)*                                                      100               100
  Yegin et al. (2013) \[[@B39]\]            *TWIST1, NID2*                                                              87.5--95.8        93.3--100
  Abern et al. (2014) \[[@B40]\]            *TWIST1, NID2*                                                              79                63
  Su et al. (2014) \[[@B41]\]               *SOX1, IRAK3, L1-MET*                                                       80--86            89--97
  Fantony et al. (2015) \[[@B42]\]          *TWIST1, NID2*                                                              58--67            61--69
  Hayashi et al. (2014) \[[@B43]\]          *VGF*                                                                       40                95

###### Predictive value of DNA methylation status for bladder cancer prognosis
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  Study                                     No.   F/U (mo)   Methylation markers                                             Remarks
  ----------------------------------------- ----- ---------- --------------------------------------------------------------- -------------------------------------------------------
  Maruyama et al. (2001) \[[@B50]\]         98    NA         *CDH1, FHIT*                                                    Survival
  Tada et al. (2002) \[[@B48]\]             55    NA         *DAPK*                                                          Recurrence
  Sathyanarayana et al. (2004) \[[@B15]\]   128   NA         *LAMC2*                                                         Survival
  Catto et al. (2005) \[[@B51]\]            116   56         *RASSF1A, DAPK*                                                 Progression
  Friedrich et al. (2005) \[[@B46]\]        95    NA         *TIMP3*                                                         Recurrence
  Kim et al. (2005) \[[@B47]\]              124   NA         *RUNX3*                                                         Recurrence
  Marsit et al. (2005) \[[@B52]\]           355   NA         *SFRP1, SFRP2, SFRP4, SFRP5*                                    Survival
  Christoph et al. (2006) \[[@B44]\]        110   55         *APAF1, IGFBP1*                                                 Recurrence
  Kawamoto et al. (2006) \[[@B53]\]         45    34         *p14^ARF^*                                                      Survival
  Yates et al. (2007) \[[@B54]\]            96    NA         *APC, CDH1, EDNRB, RASSF1A, TNFRSF25*                           Survival
  Aleman et al. (2008) \[[@B55]\]           101   NA         *SOX9*                                                          Survival
  Ellinger et al. (2008) \[[@B56]\]         38    16         *APC*                                                           Survival
  Kim et al. (2008) \[[@B49]\]              118   50         *RUNX3*                                                         Progression, survival
  Alvarez-Mugica et al. (2010) \[[@B57]\]   170   58         *Myopodin*                                                      Recurrence, progression, survival (T1G3 BCG)
  Agundez et al. (2011) \[[@B58]\]          101   99         *MSH6, THBS1*                                                   Progression (T1G3 BCG treatment)
  Cebrian et al. (2011) \[[@B59]\]          205   NA         *KISS1*                                                         Survival
  Chen et al. (2011) \[[@B25]\]             210   NA         *APC, RASSF1A*                                                  Recurrence
  Kandimalla et al. (2012) \[[@B60]\]       109   88         *TBX3, GATA2*                                                   Progression in Ta
  Lin et al. (2012) \[[@B61]\]              133   60         *CDH13*                                                         Recurrence, progression, overall survival
  Lin et al. (2012) \[[@B62]\]              50    NA         *p14*                                                           Recurrence
  Kim et al. (2013) \[[@B63]\]              181   51         *HOXA9, ISL1, ALDH1A3*                                          Recurrence, progression
  Alvarez-Mugica et al. (2013) \[[@B64]\]   108   77         *PMF-1*                                                         Recurrence, progression (T1 high-grade BCG treatment)
  Garcia-Baquero et al. (2014) \[[@B65]\]   63    31         *SFRP5, H2AFX, CACNA1G, SFRP5*                                  Recurrence, progression, survival
  Li et al. (2014) \[[@B66]\]               139   38         *KLF4*                                                          High recurrence rate
  Lin et al. (2014) \[[@B67]\]              233   NA         *PCDH8*                                                         Recurrence, progression
  Sacristan et al. (2014) \[[@B68]\]        251   64         *PAX5A, WT1, BRCA1, PAX6, ATM, CHFR, RB1, PYCARD, PAX5A, RB1*   Recurrence
  Wang et al. (2014) \[[@B69]\]             158   NA         *PCDH17*                                                        Recurrence, poor overall survival
  Beukers et al. (2015) \[[@B70]\]          192   84         *TBX2, TBX3*                                                    Progression to Ta
  Kim et al. (2015) \[[@B71]\]              136   51         *PRAC*                                                          Recurrence, progression

NA, not available; F/U, follow-up; BCG, bacillus Calmette-Guérin.

###### Blood-based methylation markers in bladder cancer

![](icu-57-S77-i003)

  Study                                  Source   No.   Methylation markers                                         Remarks
  -------------------------------------- -------- ----- ----------------------------------------------------------- -----------------------
  Dominguez et al. (2002) \[[@B45]\]     Plasma   29    *p14ARF, p16INK4a*                                          Detection, relapse
  Valenzuela et al. (2002) \[[@B73]\]    Serum    135   *p16INK4a*                                                  Detection
  Ellinger et al. (2008) \[[@B56]\]      Serum    90    *APC, GSTP1, TIG1*                                          Detection, survival
  Jablonowski et al. (2011) \[[@B74]\]   Serum    42    *p16INK4a, DAPK*                                            Detection
  Lin et al. (2011) \[[@B76]\]           Serum    168   *CDH13*                                                     Detection, recurrence
  Lin et al. (2012) \[[@B77]\]           Serum    150   *PCDH10*                                                    Detection, survival
  Hauser et al. (2013) \[[@B75]\]        Serum    227   *TIMP3, APC, RARB, TIG1, GSTP1, p14, p16, PTGS2, RASSF1A*   Detection
  Luo et al. (2014) \[[@B78]\]           Serum    194   *PCDH17*                                                    Detection, survival
